Introduction
lJnder normal physiological conditions, the heart is fully aerobic with over 90% of its ATP made in the mitochondria by oxidative phosphorylation. It is vital, therefore, that mitochondrial ATP synthesis is closely balanced with ATP use during contraction, so that a steady-state level of ATP (typically about 5 pmol/g of wet weight) can be maintained. When ATP is used more quickly (for example when the contraction frequency or the intensity is increased)? then the rate of mitochondrial ATP synthesis must be increased accordingly. Variations of up to 10- fold in the rate of energy use have been noted in rat heart.
Various factors have been shown to increase the rate of ATP synthesis by the mitochondrial ATP synthase in vitro. The best known of these is the stimulatory effect of ADP (demonstrated by the ability of ADP to increase oxygen uptake by wellcoupled mitochondria) in a phenomenon that is misleadingly termed 'respiratory control' [I] . This appears to represent, in heart mitochondria at least, a simple Michaelian dependence of the enzyme (ATP synthase) rate on the substrate (AIIP) concentration [ 21.
An analogous effect is shown when Apll-, the proton electrochemical gradient, is altered. Since the transnmembrane gradient is consumed during ATP synthesis, ApIl+ can also be considered as a substrate for the synthase, and ATP synthesis rates correspondingly rise as Apl increases. Since It is shown below that a regulatory system like that which has been measured in vitro does operate on the ATP synthase in vivo, in intact heart cells.
The ATP synthase is activated rapidly when energy demand is increased, and is inactivated when demand decreases. Furthermore, if the operation of this regulatory system is prevented (by inhibitors or in various pathological states) cells cannot maintain normal levels of A l p . This indicates that the regulation of the synthesis is important to normal cell function in 71izio.
Methods
Experiments were normally performed on intact cardiomyocytes in monolayer culture, with ATPsynthase capacity measured (in the direction of ATP hydrolysis) by the spectrophotometric assay of cell sonicates, and ATP concentrations measured on perchloric-acid extracts of cells using firefly luciferase [ 71. Where indicated, experiments were performed on a beating rat-heart preparation, and ATP was measured by "P n.m.r. [XI. The F, content of membranes was assessed from the membrane content of tightly bound nucleotide [ O ] .
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Results and discussion
Modulation of ATP synthase capacity in intact cardiom yoc ytes Measurement of A7'P-synttiase capacity in quiescent myocytes from normal rats yield values in the range 1.8-3 8 pmol of ATP hydrolysed per min per mg of cell protein, depending on the age and strain of the rats. In each series of experiments, the value for quiescent myocytes ('basal ATP-synthase capacity') was taken as 1000/0. When the cells were electrically stimulated in the presence of a positive inotropic agent, this value approximately doubled (1;ip-e 1, left-hand bars). This demonstrates that increasing the energy demand in rat cardiomyocytes leads to an activation of the Al'P synthase.
W e have shown elsewhere that this activation is repr-esents a low stimulation rate ( I Hz) in the absence of isopr-otet-enol, rather than total quiescence. Hearts/cells were obtained from untreated r,its (Wistar or Wistar Kyoto; Control). spontaneously hypertensive rats (Hyp). rats that had been treated for 7 days with thyroxine (Thy). or rats that had been fed ,ilcohol for-40 weeks (Alc). RR indicates that heartsicells fi-om untreated animals were pre-incubated with Ruthenium
Red for-5-10 min before stirnulation Data are taken from [7-9, ATP-synthase modulation was investigated in rats that were subjected to a variety of pathological mone and chronic alcohol feeding. These insults have little in common, except that they will commonly lead to cardiomyopathy and, ultimately, to heart failure. Nonetheless, all three conditions lead to (1) a raised basal ATP-synthase capacity (in quiescent cells), and (2) the complete abolition of the upregulation of ATP synthase that is normally associated with increased energy demand ( Figure   1 ). It was concluded, therefore, that in these conditions normal ATP synthase regulation was absent.
In the above experiments, the animals were treated in the above ways for prolonged periods (1 -40 weeks). €Iowever, ATP-synthase regulation was also abolished by pre-incubating cultured cardiomyocytes from normal rats with Ruthenium Red for short periods (5 min) (Figure 1 , right-hand bars).
Ruthenium Red is known to block Ca2+ uptake into mitochondria. It was therefore concluded that the regulation of the A'I'P synthase is mediated by the entry of Ca2+ ions into the mitochondrion, and hence that the observed response reflects the concentration of intramitochondrial Ca'+. It is probable that the regulation is abolished in the various pathological conditions tested either because the level of cytoplasmic or the level of intramitochondrial [Ca?'] is abnormal at rest (which is apparently the case in hypertensive rats) or because the target for ca2+ ' is absent or is defective. The three pathological conditions investigated are widely disparate in their cause and in their primary effects. For example, hypertension and hyperthyroidism lead to heart overload and heartcell hypertrophy, while alcohol chemically affects membranes and (via its metabolites) other proteins, but does not affect cell size. Another difference is seen in the membrane content of the ATP synthase. Table 1 shows that the level of ATP-synthase molecules in mitochondria1 membranes from hypertensive rats is normal, that is, the raised basal level of activity that is observed is due to an abnormal activation of the assembly of ATP synthases in quiescent cells. In cells from hyperthyroid animals, in contrast, the ATP-synthase content of the mitochondria is increased by 25-30%, in parallel with the raised basal level of activity. Thus the inability to regulate the A1'P synthase, rather than a difference in morphology or in the enzyme levels, seems to be the major feature that links these three pathological conditions. insults: hypertension, administration of thyroid hor- Table I ATP synthase content of rat-heart mitochondria 
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A JP levels in cardiomyocytes
If the regulatory system demonstrated above is important in maintaining A7'P homeostasis in heart, ~v e would expect that an inability to switch on the A7'P synthase, however it was caused, would lead to a deficit in the A'I'P production in cardiomyocytes. 'I'his prediction was tested in the experiments of 1;igure 1 (lower bars). As expected, normal cardiomyocytes hold their A'I'P levels constant, at 38-40 nmol/mg of cell protein (defined as 100%).
irrespective of the energy demand. ATP production and use are clearly very precisely matched under a variety of physiological conditions. In cells lacking the ability to upregulate the ATP synthase (either due to a pathological insult or due to the Ruthenium lied treatment) A'I'T' levels were normal when the energy demand was low; however, they fell significantly (25-30%) \vhen the energy demand was increased. 'I'his t d l could be detected either by an enzymic assay of A'I'T' in cell extracts (in thyroxine or in alcohol-treated rats) or by n.m.r. measurements on the whole heart (from hypertensive rats or after Ruthenium Red treatment of the heart; Figure 1 ). It was concluded that A'I'P-synthase regulation ~vas, indeed, important in rnaintaining normal ATI' levels in heart cells. Since all three disparate pathological conditions tested are linked by a tendency of the suffering animals t o develop heart failure, it is tempting to see the inability to maintain ATP levels in heart as a cause of the heart failure in these animals. Further work is necessary, hmvever, to establish a causal link between the biochemical defect in ATP-synthase regulation and the mechanical failure of the heart.
The role of Ca2+ in regulating ATP synthesis The above results suggest that A'I'P-synthase regulation is an important feature of energy metabolism in the normal heart, and that the intracellular niessenger mediating this regulation is Ca' +. In support of the above mechanism is the observation that can coordinate increased NADI I production and A'I'P synthesis under conditions of increased energy demand in the heart. In this scenario, increased muscle contraction leads to increased cytoplasmic [ Ca'+ 1, and hence to increased intramitochondrial (Ca'+ 1. This increases the rate of NADH production, allowing faster electron flow, and also the capacity of the ATP synthase, allowing faster A1'P synthesis [ h ] .
When ATP-synthase activation is prevented, either by Ruthenium Red or in the various pathological conditions studied above, AI'P levels fall (Figure 1 ). I Iowever, it is noteworthy that the fall is incomplete (a change of only -25% is observed) and, at least in the cells treated with Ruthenium lied and those from hypertensive rats, ATP levels recover over a period of 2-5 min 18, 121. 'I'his suggests that, in the absence of this primary mode of modulating A'IPsynthase activity, secondary mechanisms take over. In particular, the drop in ATP levels observed is, presumably, accompanied by an increase in the cytoplasmic AI)P concentration [ 121. It may be, therefore, that the classical model of respiratory control comes into play under these conditions: it is not a normal inethod of regulation, but a fail-safe device that operates when normal mechanisms break down. 
Introduction
Various applications of met;tbolic-cor-rtrol theory to mitochondri;i I 1-3 1 h;ive shomm that the control ovcr respiration is distributed, with contributions froin, ;imongst others, the I'h"sphory1;itior~ potential, thr rate of adenine-nucleotide entry, the proton leak and the electron flux through cytochrome oxidase. ' Cytochrome oxidase catalyses the reduction of molecular oxygen to water in a reaction that is far from equilibrium, relative to the other redox reacAbbreviations used: AY, membrane potential; Ap.
tions of the mitochoidrial electron-transfer chain [X] . As such, it is a prime candidate for investigations into flux control. It does not lack controlling factors (see Figure 1) . Under the right conditions, oxidase turnover can be shown t o be sensitive t o the concentration of its three main substrates, ferrocytochrome c 10 
